We applied structural equation modeling to positron emission tomography data in humans to examine functional interactions between the right medial temporal lobe (MTL) and selected right neocortical regions in relation to visual recognition memory. Using a priori knowledge about anatomical connections between these regions as a guiding constraint, we modeled the pattern of interactions [i.e. covariances in regional cerebral blood flow (rCBF)] associated with episodic memory retrieval of spatial location and compared it with the pattern for retrieval of object identity. We also compared these patterns with those associated with perceptual matching of spatial location and object identity. Although displaying no difference in average rCBF across tasks, the right MTL showed domain-specific qualitative differences in interactions with posterior dorsal (parieto-occipital sulcus, supramarginal gyrus) and ventral regions (fusiform gyrus, superior temporal sulcus) but not with a prefrontal region. MTL interactions involving dorsal regions were positive in the spatial retrieval task but negative for object retrieval. Interactions involving ventral regions showed the reverse pattern. No comparable changes were observed during perceptual matching. Using control models, we demonstrated the neuroanatomical specificity of these results. Our results provide support for the notion that the nature of interactions between the MTL and posterior neocortex depends on the domain of information to-be-recovered.
Introduction
Neuropsychological and computational theories of memory have posited that recovery of recent information from episodic long-term memory is subserved by neural interactions between medial temporal lobe (MTL) structures and posterior neocortex (Milner, 1966; Mishkin, 1982; Squire et al., 1984; Teyler and DiScenna, 1986; Damasio, 1989; Carpenter and Grossberg, 1993; McClelland et al., 1995; Moscovitch, 1995) . There seems to be a consensus among theories that different posterior neocortical structures are involved in these interactions, depending on what type of information is retrieved, and that the posterior structures involved in recover y are closely related, if not identical, to those that participate in the perceptual analysis and identification of this information.
Partial support for this view comes from functional neuroimaging studies on visual recognition memory in humans that have examined local differences in brain activity between retrieval tasks and other experimental conditions (i.e. activation analyses of memory retrieval). These studies have shown that distinct posterior cortical regions in extrastriate cortex are activated during retrieval of visually presented words, common objects, faces and spatial locations Nyberg et al., 1995; Haxby et al., 1996; Owen et al., 1996a,b) and that these regions are largely coextensive with those involved in visual perception of the corresponding domain (Rosier et al., 1997; Köhler et al., 1998b) . Additional neuroimaging support for this view comes from demonstrations of MTL activation during retrieval of many different types of information from episodic memory (Squire et al., 1992; Roland and Gulyas, 1995; Schacter et al., 1995; Nyberg et al., 1996c; Owen et al., 1996b; Schacter et al., 1996; Gabrieli et al., 1997; Petersson et al., 1997) . Taken together, these findings indicate that the MTL and posterior cortical regions are activated during episodic memory retrieval. None of these studies, however, has directly examined interactions that are purported to occur between these structures. To address this issue, it is necessary to extend the focus of functional imaging analyses beyond the examination of local average changes in regional cerebral blood f low (rCBF), as commonly performed in activation analyses, to an investigation of rCBF covariances that ref lect functional interactions between the MTL and posterior cortical regions. This approach will be taken in the present paper.
The neuropsychological theories of memory outlined above (Milner, 1966; Mishkin, 1982; Squire et al., 1984; Teyler and DiScenna, 1986; Damasio, 1989; Moscovitch, 1995) predict that the pattern of interactions between posterior cortical regions and the MTL should vary depending on the domain of information to-be-recovered. Moreover, they predict that those regions that show changes in interactions with the MTL for retrieval of different types of information should include (but not necessarily be restricted to) the regions that are involved in perceptual processing of that information.
In the present investigation, we tested these hypotheses by examining functional interactions between the MTL and selected neocortical regions in relation to visual recognition memory for two different types of information. We compared the pattern of interactions associated with episodic memory retrieval of spatial location with the pattern associated with retrieval of object identity. We also compared these patterns of interactions with those that were associated with perceptual processing and incidental encoding of this information. Our analyses of functional interactions were based on the neuroimaging data obtained in a previously reported positron emission tomography (PET) study on episodic memory for spatial location and object identity (Köhler et al., 1998b) .
The previously reported activation analyses of these PET data showed distinct patterns of rCBF in dorsal and ventral extrastriate cortex in relation to retrieval of spatial location and object identity respectively. Moreover, the dorsal and ventral regions that were differentially involved in recognition memory for spatial location and object identity showed a strong overlap with those involved in perceptual processing and encoding of this information. In line with previous PET findings (see Nyberg et al., 1996a) , we also observed increased rCBF in right prefrontal cortex during retrieval as compared to perceptual processing of both types of information. However, we obser ved no rCBF differences in right MTL structures across our tasks even though previous lesion studies in humans have implicated these structures in episodic memory for complex visual spatial and Cerebral Cortex Jul/Aug 1998;8:451-461; 1047-3211/98/$4.00
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non-spatial information (Kimura, 1963; Milner, 1968; Smith and Milner, 1981; Jones-Gotman, 1986; Pigott and Milner, 1993; Abrahams et al., 1997) .
In the present re-examination of these PET data, we wished to determine whether the right MTL, although displaying no local rCBF differences, would still show the predicted differences in functional interactions with other brain structures, in particular those in posterior neocortex. To address this issues, we applied structural equation modeling (path analysis) to the analysis of our PET data (see also Grafton et al., 1994; Horwitz et al., 1995; McIntosh et al., 1996b; Nyberg et al., 1996b; Büchel and Friston, 1997) . This method allowed us to quantify task-specific functional interactions between selected brain regions of interest by modeling the covariances in rCBF between these regions while using a priori knowledge about their neuroanatomical connections as a guiding contraint (McIntosh and Gonzalez-Lima, 1994) . Following the idea that structural equation modeling may even be instructive if it involves brain regions that do not show local differences in rCBF across tasks (see McIntosh and Gonzalez-Lima, 1994 , for formal demonstration), we examined the right MTL region together with other right-hemisphere regions that did show differences in rCBF, including those in dorsal and ventral extrastriate cortex and prefrontal cortex.
Materials and Methods
The behavioral procedure, imaging protocol, and activation analysis will only be summarized brief ly because they have been described in detail elsewhere (Köhler et al., 1998b) .
Behavioral Procedure and Imaging Protocol
PET measurements of regional cerebral blood f low (rCBF) were obtained while 12 young, healthy, right-handed males engaged in four different experimental tasks. Each participant underwent eight PET scans with two scans per task. The same type of stimuli were used in all tasks, namely computer displays that consisted of representational line drawings of three unique common objects arranged in unique spatial configurations. During the first four scans, participants performed two blocks of an object-based and two blocks of a spatially-based perceptual matching task. These perceptual matching tasks also served as incidental encoding tasks for information that had to be recovered in the subsequently performed retrieval tasks under scanning. Perceptual matching involved comparing pairs of displays and deciding whether the members of a pair were the same or different. When displays were different, they differed either with respect to the location of one of the objects (spatial matching) or with respect to its identity (object matching). On 'same' trials, all aspects of the two displays were identical. After performing the perceptual matching tasks, participants underwent an additional encoding phase while no PET scans were taken. They were asked to memorize a subset of 22 displays from the perceptual matching tasks. Memor y testing for the target displays was performed during the second four scans using two-alternative, forced-choice recognition memory tests. Two blocks of a spatial retrieval task and two blocks of an object retrieval task were administered. In the object retrieval task, previously encountered target displays were paired with test displays that were created by altering the identity of one of the three target objects. In the spatial retrieval task, target displays were paired with test displays altered in terms of the location of one of the three target objects. Participants had to decide for each pair whether the first or the second display was the altered one in comparison to what they had seen previously during perceptual matching and the additional encoding phase. None of the altered test displays was used more than once. In all tasks under scanning, the pairs of consecutively presented displays were shown with an inter-pair interval of 2.25 s. Each member of a pair was presented for 1 s with a 0.75 s interval between members. Each block of trials corresponding to a single scan included 22 trials. Before each block, participants were informed as to whether perceptual matching or retrieval and whether decisions on spatial location or object identity were required. Participants indicated their responses by pressing one of two buttons of a computer mouse with their right hand.
Subjects were scanned in a GEMS-PC-2048-15B scanner with a custom-fitted thermoplastic face-mask. Each scan was acquired during 60 s after a bolus-injection of 40 mCi (1.48 GBq) of [ 15 O]H2O. Scans were spaced 11 min apart except for scans 4 and 5, which were spaced 22 min apart. Normalized integrated regional counts were used as an index of rCBF. PET data were preprocessed for statistical analyses using the Statistical Parametric Mapping technique (SPM 95) (Friston, 1995) . Realigned images from each subject were transformed into a standard stereotactic space (Talairach and Tournoux, 1988) and subsequently smoothed using an isotropic Gaussian kernel with a full width at half-maximum of 10 mm in all dimensions. Changes in global blood f low were corrected for by proportional scaling.
Activation Analysis
The previously reported effects of cognitive tasks on rCBF levels were estimated using the method of partial least squares (PLS; McIntosh et al., 1996a) . This multivariate instrument was selected with a view to optimizing the ability to detect patterns of changes in rCBF levels distributed across the entire brain. The emphasis of PLS is on the covariances between brain images on one side and contrasts between tasks that are represented in the experimental design on the other. The present imaging data were analyzed using orthogonal contrasts that coded for experimental effects related to (i) the type of processing (perceptual matching versus retrieval), (ii) the type of information processed (spatial location versus object identity), and (iii) the interaction between type of processing and type of information. The patterns of activation (singular images) extracted by PLS can be interpreted to ref lect those brain regions that best distinguish between the tasks which comprise the contrast or, put another way, that are most affected by the corresponding experimental manipulation.
Network Analysis (Structural Equation Modeling)

Overview
Rationale and methodological details of the application of structural equation modeling to the analysis of functional neuroimaging data have been described in detail elsewhere (McIntosh and Gonzalez-Lima, 1994; Nyberg et al., 1996b) . Brief ly, brain regions of interest are selected based on the results of activation analyses and/or theoretical grounds. Their anatomical connections are specified using knowledge from primate neuroanatomy to construct the neuroanatomical model. Correlations between regions of interest are computed across subjects, for each experimental condition separately. Structural equation modeling is then used to decompose these correlations in the context of the neuroanatomical model, with the neuroanatomical information serving as a crucial constraint for the decomposition. In this process, each connection of the neuroanatomical model is assigned a numeric weight that is specific to the given experimental condition. These weights, or path coefficients, can be interpreted as an indication of averaged functional inf luences present in a given experimental condition. They ref lect how much of the observed variance in activity in a brain region is due to the direct inf luence of another interconnected region (McIntosh and Gonzalez-Lima, 1994) . The sign of the path coefficients ref lects whether this inf luence is of an inhibitory (negative sign) or an excitatory (positive sign) nature. Differences in the sign of the path coefficients between experimental conditions can be interpreted as a change in the qualitative nature of the interaction between connected regions. By contrast, differences in magnitude suggest a quantitative shift (increase or decrease) in the inf luence conveyed through that pathway (McIntosh and Gonzalez-Lima, 1994) . It should be emphasized that, in the context of network models of functional imaging data, the terms 'inhibition' and 'excitation' do not refer to the physiological state of individual neurons at the perisynaptic level. Instead, they refer to the nature of the inf luence of an entire brain region onto another region, as ref lected in rCBF covariances. Elsewhere (Nyberg et al., 1996b) , we have introduced the idea that such inf luences may ref lect excitatory and inhibitory effects at the level of neuron ensembles or populations and that these inf luences may be distinct from those at the synpatic level.
Construction of the Neuroanatomical Model
Six right-hemisphere regions that were identified in the PLS activation analysis as having a key relation to the experimental conditions (Köhler et al., 1998b) were selected to be included in the neuroanatomical model. The right MTL was included in the model based on theoretical grounds. The selection of representative voxels for the chosen regions of interest (ROIs) was based on the peak distribution in the PLS analyses as well as on preliminar y analyses of inter-regional correlations (Köhler et al., 1996) . Coordinates for the ROI in the right MTL were obtained by selecting the mirror-reversed coordinates of a left-sided hippocampal region that showed differences in rCBF in the PLS analysis. To reduce sampling bias, brain activity was averaged within cubic clusters of 3 × 3 × 3 voxels (covering 6 × 6 × 12 mm in Talairach-Tournoux space) centered around the selected voxels for each ROI. Connections betweens ROIs were specified based on current neuroanatomical knowledge as described in the Results section.
The neuroanatomical designation of the ROI in the MTL requires specific comment. According to Talairach and Tournoux (1988) , the center of this ROI is located in the hippocampus. However, the examination of rCBF responses in the present and another related PET study on memory processing (McIntosh et al., 1997) showed that activity in the hippocampus is highly correlated with activity in neighboring MTL structures, such as posterior entorhinal and perirhinal cortex and parahippocampal gyrus proper. These correlations partially ref lect autocorrelation due to smoothing of the imaging data, making it difficult to localize activity to distinct structures within the MTL region. To indicate this limitation, we will refer to the ROI in this region as the MTL rather than the hippocampus.
Construction of the Control Models
To address the specificity of the modeled functional interactions, two control models were constructed. One control model served to examine whether the modeled interactions were specific to the right hemisphere. Covariances between six homologous regions in the left hemisphere were analyzed with a model in which these regions were connected in the same way as those in the right hemisphere. Another control model was constructed to determine the specificity of those interactions that involved the right MTL. In this model, the ROI in the MTL was replaced by an ROI in the pulvinar and all other ROIs were left unchanged. We selected the pulvinar as a control ROI because this structure is similarly connected with posterior cortical regions as the MTL (Nieuwenhuys et al., 1988) . Moreover, like the right MTL, the right pulvinar showed no differences in rCBF across experimental condition in the present study. Coordinates for this ROI were obtained by selecting the mirror-reversed coordinates of a left-sided pulvinar region that showed differences in rCBF in the activation analysis.
Computation of Path Coefficients
Once the brain regions of interest were selected, inter-regional correlations of activity were computed across scans and subjects within each of the four experimental conditions. The resulting correlation matrices were combined with the neuroanatomical model to compute structural equation models using the stacked-model approach in LISREL 8 (Scientific Software Inc.; Jöreskog and Sörbom, 1993) .
Statistical Testing of Differences Between Conditions
Omnibus comparisons were performed to examine significant changes in functional interactions across the four experimental conditions. This involved comparing a model in which the path coefficients were constrained to be equal across conditions (null model) with a model in which the coefficients were allowed to differ between conditions (alternative model) (see McIntosh and Gonzalez-Lima, 1994 , for rationale). For each model, a goodness-of-fit value, expressed as χ 2 , was computed that ref lects the extent to which the set of path coefficients reproduced the correlation matrices for all conditions. The difference in goodness-of-fit (∆χ 2 ) between the two models was examined for statistical significance. If the goodness-of-fit was significantly better when the coefficients were allowed to vary across conditions than when they were not, it was concluded that there were differences in inter-regional functional inf luences between experimental conditions (see McIntosh and Gonzalez-Lima, 1994) . Given a significant omnibus test, pairwise comparisons between individual experimental conditions were performed following the same rationale and procedure.
Because our theoretical interest focused on functional interactions between the MTL and connected posterior cortical regions, additional regional tests were performed on the relevant subgroup of connections. Given significance of the omnibus test, a model was computed in which the coefficients for these MTL connections were allowed to differ between conditions but all other coefficients were constrained to be equal across conditions. We then compared the goodness-of-fit of this model with the goodness-of-fit of a model in which all coefficients, including those for the MTL connections, were constrained to be equal across conditions. Additional pairwise comparisons were performed on the same subgroup of connections to compare individual experimental conditions with each other. No statistical tests were performed on changes in path coefficients for individual connections, following the notion that differences in path coefficients across conditions are interpretable only in the context of an interactive network with variations in functional interactions in multiple connections.
Results
Model Construction
The ROIs selected for the present network analysis are presented in Table 1 . This table also lists the activation results from the PLS analysis which guided the selection of each ROI. The dorsolateral middle frontal gyrus ROI and the ROI in the vicinity of the parieto-occiptal sulcus were derived from the singular image of the PLS analysis that distinguished between retrieval and perceptual matching for both types of information. These regions showed higher rCBF during retrieval than perceptual matching. The middle temporal gyrus ROI was derived from the same singular image but showed higher rCBF during perceptual matching than retrieval. The ROIs in medial cuneus, the fusiform gyrus and the supramarginal gyrus were derived from the singular image that distinguished, at both perceptual matching and retrieval, between processing of spatial and object information. The medial cuneus and fusiform gyrus regions showed higher rCBF during processing of object than spatial information, whereas the supramarginal gyrus region showed the reverse rCBF response. Finally, the ROI in the right MTL was not derived from the singular images of the PLS analysis directly (see Materials and Methods). To obtain this ROI, we selected the homologue of a left-sided MTL region that was identified in the PLS analysis as being related to the interaction between 'type of processing' and 'type of information'. The selected right medial-temporal region showed no differences in rCBF across experimental conditions. An ANOVA performed on the adjusted rCBF response in this ROI (averaged across the 3 × 3 × 3 voxels) showed no significant main effects for 'type of processing' and 'type of information', nor a significant interaction between these factors (all Ps > 0.10).
Neuroanatomical Considerations
The neuroanatomical model is depicted in Figure 1 . The connections between the ROIs in this model were specified according to neuroanatomical knowledge obtained in nonhuman primates (as summarized in Felleman and Van Essen, 1991) . To construct the model, homologies were assumed between human Brodmann area (BA) 17 and non-human area V1, BA 18/19v and ventral V4, BA 18/19d and dorsal V4, and BA 21 and STP. We also assumed that human BA 40 is homologous to non-human BA 7 (which expanded into BAs 7, 39, 40 in humans; M. Petrides, personal communication). Furthermore, homology was assumed between human and non-human primate BA 46 and between human and non-human MTL structures. These anatomical designations have to be regarded as tentative because homologies between human and non-human primate cortex are still being debated in the literature and direct comparative evidence is sparse. The anatomical model allowed for projections that followed the ventral visual pathway from BA 17 to BA 18/19v and others that followed the dorsal visual pathway from BA 17 to BA 18/19d and from BA 18/19d to BA 40 (Ungerleider and Mishkin, 1982) . It also allowed for interactions between the ventral and dorsal visual pathway through reciprocal connections between BA 18/19v and BA 18/19d (Baizer et al., 1991) . Input processed in the dorsal and ventral visual pathways was allowed to converge in the superior temporal sulcus (BA 21), the MTL and prefrontal cortex (BA 46) (Baizer et al., 1991; Suzuki and Amaral, 1994a; Bullier et al., 1996; Rao et al., 1997) . Our major focus of analysis was on the feed-forward projections from posterior to more anterior regions depicted in Figure 1 . However, because most, if not all, of the connections specified in our model appear to be reciprocal in non-human primates (Felleman and Van Essen, 1991) , we performed additional subsidiary analyses in which functional interactions in feed-backward connections were examined. The connections examined were the same as the connections shown in Figure 1 except that they projected in the reverse direction.
The connectivity of the MTL in the present model requires specific commenting. Neuroanatomical findings in non-human primates suggest that the hippocampus is connected reciprocally with temporal-, parietal-and frontal-association cortex through one-or two step-relays in surrounding medial-temporal regions, including entorhinal cortex, perirhinal cortex, and the parahippocampal gyrus proper (Suzuki and Amaral, 1994a,b) . Due to the difficulty of localizing PET activity to distinct MTL structures (see Materials and Methods), these relays within the MTL were not included in the present model.
Functional Networks
The inter-regional correlations between our ROIs in the right hemisphere are shown in Tables 2 and 3 . When we modeled these correlations with the neuroanatomical model described above (Figure 1) we obtained the functional networks displayed in Figures 2 and 3 . The omnibus test for the comparison of the four functional networks showed that the patterns of functional interactions differ significantly between experimental conditions [∆χ 2 (48) = 85.2; P < 0.01]. Subsequent pairwise comparisons revealed that the patterns of interactions associated with the two retrieval tasks (Fig. 2) differ from each other [∆χ 2 (16) = 36.7; P < 0.01] as do the patterns associated with the two perceptual matching tasks [ Fig. 3 ; ∆χ 2 (16) = 26.4; P < 0.05]. Because our main interest was on functional interactions between the MTL and interconnected cortical regions, our summary of results will concentrate on differences in these interactions. Additional subsections will provide a brief description of functional changes in other parts of the network and summarize the modeling results concerning feed-backward connections and the control models.
Differences in MTL Interactions
The regional test performed to examine changes in MTL Coefficients above diagonal of matrix are based on activity associated with spatial retrieval task, those below diagonal on activity associated with object retrieval task. Computation of each coefficient was based on 24 observations. Figure 2 shows that the differences in interactions between the two retrieval tasks were qualitative in nature. Interactions between the MTL and dorsally located posterior regions (BA 18/19d, BA 40) were positive in sign in the spatial retrieval task but negative in the object retrieval task. By contrast, interactions between the MTL and ventrally located posterior regions (BA 18/19v, BA 21) were negative in the spatial retrieval task but positive in the object retrieval task. During perceptual matching, the interactions between the MTL and BA 21 were positive, whereas those between the MTL and all other connected posterior regions were negative. This was true regardless of whether subjects performed the spatial-or the object-based task (Fig. 3) . 
Differences in Other Parts of the Network
The functional interactions between the MTL and the prefrontal cortex region (BA 46/9) showed no qualitative change across the tasks administered and were negative regardless of the task performed by the participants. The functional interactions between posterior neocortical regions and the prefrontal cortex region showed similar but smaller changes across the retrieval tasks than those between these regions and the MTL (Figs 2 and  3) . Interactions between BA 46/9 and the ventral regions BA 18/19v and BA 21 were positive for the object retrieval task but negative for the spatial retrieval task. An inverse switch in sign was observed for interactions between dorsal region BA 18/19d and BA 46/9. With respect to the perceptual matching tasks, interactions between ventral region BA 18/19v and BA 46/9 were more positive during processing of object identity than spatial location, whereas those between dorsal region BA 40 and BA 46/9 were more positive during processing of spatial location than object identity. Finally, distinct patterns of interactions were also seen within the visual system in relation to processing of spatial location and object identity. For example, interactions between BA 17 and dorsal region BA 18/19d were positive during retrieval of spatial location but negative during retrieval of object identity, and interactions between dorsal areas BA 18/19d and BA 40 showed the same switch in sign in relation to perceptual matching of spatial location and object identity.
Differences in Feed-backward Connections
Due to mathematical constraints, we could not compute and evaluate a model with completely reciprocal connections in a single step. The reason is that the total number of pathcoefficients to be estimated in this model would be in excess of the number of inter-regional correlations on which their computation had to be based. Therefore, we used a two-step procedure to examine whether there were changes in functional interactions in feed-forward connections and feed-backward connections across tasks (see McIntosh et al., 1996b , for rationale). For this purpose, the path-coefficients obtained for the feed-forward connections in the original analysis (step 1) were fixed at their estimated value for all four experimental conditions (Figs 2 and 3 ) and entered into a model with reciprocal connections that served to estimate coefficients for the feed-backward connections (step 2) in the context of the previously determined feed-forward coefficients. In other words, this model allowed for the estimation of coefficients for feed-backward connections while the previously obtained coefficients for feed-forward connections associated with each task served as additional fixed constraints. This model showed no significant differences in feed-backward interactions across tasks [∆χ 2 (42) = 29.0; P > 0.10]. To determine whether this result was due to the fact that the coefficients for the feed-backward connections were estimated after the estimation of feed-forward coefficients, we also reversed the order in which both sets of coefficients were computed with the two-step procedure. When the coefficients for the feed-backward connections were estimated first, i.e. when they were estimated in the context of a model without feed-forward connections, they did differ between experimental conditions [∆χ 2 (48) = 82.0; P < 0.01] and took on values nearly identical to those obtained for the corresponding feed-forward connections in the original model that is depicted in Figures 2 and 3 . When, in the second step, these coefficients for the feed-backward connections were fixed at their values and entered into a reciprocal model that served to estimate the coefficients for the feed-forward connections, the latter set of coefficients did not differ between experimental conditions [∆χ 2 (42) = 23.6; P > 0.10]. Both analyses converge in showing that differences in functional interactions between experimental conditions are sufficiently accounted for by the set of coefficients estimated first, regardless of whether these are for feed-forward or feed-backward connections.
Control Models
The control model for the examination of laterality effects, in which covariances between homologous left-sided regions were modeled in the same way as the right-sided regions displayed in Figure 1 , showed no significant differences in functional interactions across experimental conditions [∆χ 2 (48) = 48.1; P > 0.10]. Figure 4 displays the functional network that is common to all tasks. In the control model that was constructed to examine the specificity of the MTL interactions within the right hemisphere, the right MTL was replaced by an ROI in the right pulvinar (centered around voxel XYZ = 22 -26 4) and all other ROIs from the original model were left unchanged. Instead of having connections from BA 18/19d, BA 40, BA 18/19v, and BA 21 to the MTL, the control model included connections from these regions to the pulvinar. In accordance with primate neuroanatomy, it also included a connection from BA 17 to the pulvinar but no connection between the pulvinar and prefrontal cortex (Nieuwenhuys et al., 1988) . When functional interactions in the right hemisphere were modeled with this control model, the omnibus test revealed significant differences across the four experimental conditions [∆χ resemble the pattern of changes in interactions between these posterior cortical regions and the MTL that were observed in the original model.
Discussion
In the present study, we examined functional interactions between the MTL and selected neocortical regions in the right hemisphere in relation to visual recognition memory. In the context of a neuroanatomical model that specified the connections between these regions based on primate neuroanatomy, we modeled the pattern of interactions associated with episodic memory retrieval of spatial location and compared it with the pattern associated with retrieval of object identity. We also compared these patterns of interactions with those that were associated with perceptual processing and incidental encoding of spatial location and object identity. We found that functional interactions between the right MTL and posterior dorsal (parieto-occipital sulcus, supramarginal gyrus) and ventral regions (fusiform gyrus, superior temporal sulcus) changed qualitatively depending on whether retrieval of the location or identity of visually encoded objects was required. Interactions involving dorsally located regions were positive in sign in the spatial retrieval task but negative in the object retrieval task. By contrast, interactions involving ventrally located regions were negative in the spatial retrieval task but positive in the object retrieval task. This pattern of change in interactions was specific to memory retrieval; no comparable changes were observed during perceptual processing and incidental encoding of spatial location and object identity.
Neuroanatomical Specificity
The described differences in interactions between the right MTL and posterior neocortex across retrieval tasks were found despite the lack of differences in rCBF in right MTL structures across experimental conditions (Köhler et al., 1998b) . Control analyses confirmed the neuroanatomical specificity of our modeling results. In these analyses, we examined an alternate model in which the same posterior and anterior neocortical structures were included but the MTL region was replaced by the right pulvinar, another structure that showed no differences in rCBF across experimental conditions. With this model, we found significant changes in interactions across the perceptual matching tasks but not across the retrieval tasks; the right pulvinar did not display retrieval-related changes in interactions with those neocortical regions that interacted differentially with the MTL during retrieval of spatial location versus object identity. Thus, the MTL displayed a pattern of interactions that was different from the pattern observed for another brain structure that was similarly activated across experimental conditions. These results suggest that the right MTL plays a functional role in cortical interactions during memory retrieval that is specific to this part of the brain.
Neuroanatomical specificity was also revealed through further control analyses, which showed that the patterns of interactions described were specific to the right hemisphere. When task-related changes in interactions between the MTL and homologous regions in the left hemisphere were examined, no significant differences were found. Findings from research in neurological patients with focal brain lesions and functional imaging research based on activation analyses in healthy individuals have demonstrated lateralization of episodic memory processes for complex visual information to right-hemisphere structures. Structures for which such a laterality effect has been reported include the MTL (Kimura, 1963; Smith and Milner, 1981; Pigott and Milner, 1993; Schacter et al., 1995; Haxby et al., 1996; Owen et al., 1996b; Tulving et al., 1996) and posterior neocortical regions in extrastriate cortex (De Renzi et al., 1977; Moscovitch et al., 1995) . Right-hemisphere dominance has also been reported for functional interactions within dorsal and ventral extrastriate cortex that are related to visual perception of spatial location and object identity respectively (Horwitz et al., 1992; . The present results extend these findings by demonstrating that those distinct functional interactions between the MTL and ventral and dorsal posterior structures that are associated with episodic memory retrieval of visual spatial location and object identity can also be lateralized to the right hemisphere. Although the latter conclusion clearly holds for functional interactions between the specific regions considered in the present model, our data do not rule out the possibility that interactions between the left MTL and other left-hemisphere regions do change depending on whether retrieval of spatial location or object identity is required. In fact, the results of additional exploratory analyses of the present rCBF data provide suggestive support for this hypothesis. Using a mutivariate correlational technique (for description of method, see McIntosh et al., 1997) , we identified a region in dorsal aspects of the left cuneus (peak XYZ = -6 -88 20) whose pattern of correlations with the left MTL followed the pattern of activity observed in the left MTL across tasks: correlations (and MTL activity) were higher during retrieval of object identity than spatial location but lower during perceptual matching of object identity than spatial location. These results hint that there may indeed be changes in functional interactions between the left MTL and other left-hemisphere regions. Further, they hint that these changes in interactions could be related to the changes in activity observed locally in the left MTL across tasks. However, to establish the presence and functional significance of lefthemisphere interactions conclusively, a formal examination of the aforementioned correlations in the context of an extended structural equation model will be required.
Right MTL in Previous Functional Imaging Studies
The majority of previous functional imaging studies on visual recognition memory have used activation analyses to determine the functional role of the MTL in episodic memory processing (e.g. Moscovitch et al., 1995; Schacter et al., 1995; Haxby et al., 1996; Maguire et al., 1996; Owen et al., 1996b; Tulving et al., 1996) . While some of these studies have found activation in the right hippocampus or parahippocampal gyrus during retrieval of visual information from episodic memory (Schacter et al., 1995; Owen et al., 1996b) , other studies have not Haxby et al., 1996) . Whether right MTL activation is observed during episodic retrieval appears to depend crucially on the comparison task used in the activation analyses. If the comparison task and the retrieval task activate the right MTL to the same extent, activation analyses will not reveal an involvement of this region in visual recognition memory (see Fletcher et al., 1995) . The results of the present study suggest, however, that even when there is no difference in rCBF in the MTL between tasks, the examination of functional interactions between this region and other parts of the brain can be instructive. There may still be differences in functional interactions between tasks. In the present study, only the examination of functional interactions revealed a differential involvement of the right MTL in retrieval of spatial location and object identity. This differential involvement could not be detected in the activation analysis because the right MTL was equally active in all four tasks under study, with only the pattern of interactions between this region and other parts of the brain changing across conditions (see McIntosh et al., 1996b) .
Functional Interactions Between MTL and Posterior Neocortex
Insofar as the functional interactions between the right MTL and posterior neocortex during episodic retrieval are necessary for successful memory performance to occur, the present results are consistent with findings from human lesion research that have shown that removal of the right MTL produces episodic memory deficits for visual spatial location and object identity (Kimura, 1963; Milner, 1968; Smith and Milner, 1981; JonesGotman, 1986; Pigott and Milner, 1993; Abrahams et al., 1997) . Our findings extend those from human lesion research on memory functions of the right MTL by demonstrating not only that this region participates in processes relating to recovery of visual information from episodic memory but also that its participation in recovery involves functional interactions with posterior neocortical structures. The notion of functional interactions between MTL structures and posterior neocortex has been proposed as a critical component of several neuropsychological and computational theories of memory (Milner, 1966; Mishkin, 1982; Squire et al., 1984; Teyler and DiScenna, 1986; Damasio, 1989; Carpenter and Grossberg, 1993; McClelland et al., 1995; Moscovitch, 1995) . Because different patterns of interactions were observed for retrieval of spatial location and object identity, our results indicate, in line with predictions from these theories, that the nature of interactions between the MTL and posterior neocortex depends on the domain of information to-be-recovered.
Dorsal regions in posterior neocortex showed positive interactions with the MTL during spatial retrieval but negative interactions during object retrieval. By contrast, more ventrally located posterior regions showed positive interactions with the MTL during object retrieval but negative interactions during spatial retrieval. The ventral and dorsal brain regions that showed this qualitative change in interactions with the MTL included regions that have previously been implicated in visual processing of spatial location and object identity during perception and memor y retrieval, namely the right inferior parietal lobule and fusiform gyrus (Köhler et al., , 1998b Moscovitch et al., 1995; Haxby et al., 1996) . Interactions between these structures and the MTL during retrieval may support recovery of visual information that is represented in posterior neocortex (Milner, 1966; Mishkin, 1982; Squire et al., 1984; Teyler and DiScenna, 1986; Damasio, 1989; Carpenter and Grossberg, 1993; McClelland et al., 1995; Moscovitch, 1995) . Positive interactions between dorsal posterior regions and the MTL may represent a neural mechanism that serves to recover spatial location from episodic memory when attention is paid to this information. Similarly, positive interactions involving ventral posterior regions may represent this mechanism for information about object identity. That positive interactions between dorsal posterior regions and the MTL co-occurred with negative interactions between ventral posterior regions and the MTL (and vice versa) suggests that, during recovery of information from a particular domain, communication between the MTL and posterior regions involved in processing of other domains may be suppressed.
The assumption that the described differences in interactions between the MTL and posterior neocortex are specifically related to retrieval processes is supported by our results on functional interactions during perceptual matching and incidental encoding. When we compared the functional interactions between the MTL and dorsal and ventral posterior neocortex that were associated with perceptual matching of spatial location and object identity, we found no significant difference in their patterns. [We did, however, obser ve differences in functional interactions within extrastriate cortex for the two perceptual matching tasks that were similar to those reported by .] This result may seem surprising, given that the perceptual matching tasks also involved incidental encoding of novel visual information and given that the right MTL (Aguirre et al., 1996; Haxby et al., 1996; Maguire et al., 1996; Stern et al., 1996; Tulving et al., 1996) and right dorsal and ventral posterior neocortex (Haxby et al., 1996; Owen et al., 1996a; Köhler et al., 1998b) have previously been activated during encoding of complex visual information. However, it is important to bear in mind that our perceptual and encoding tasks were designed only to ensure that subjects base their perceptual judgements on the type of information targeted by the task and not to prevent them from encoding the other type of information as well. Indeed, a behavioral experiment that was conducted in conjunction with the present PET study (S. Köhler, unpublished) showed that subjects incidentally encode information about spatial location and object identity in both perceptual matching tasks. These behavioral results could explain why we found no differential interactions between right posterior neocortical regions and the MTL for the two perceptual and encoding tasks. It has previously been shown that regions in lateral temporal cortex are involved in encoding of visual information (Owen et al., 1996a,b; Köhler et al., 1998b) . Interestingly, the right lateral temporal-cortex region in the superior temporal sulcus that was included in the present neuroanatomical model (BA 21) showed positive interactions with the right MTL in both perceptual and encoding tasks. These interactions between lateral and medial temporal cortex may play a role in encoding novel visual information from both domains.
Functional Interactions Involving Prefrontal Cortex
A lthough not the primary focus of the present analysis, the functional interactions between the MTL and the anterior region in right dorsolateral prefrontal cortex (BA 46/9) also require comment. They showed no qualitative change across the tasks administered and were negative regardless of the task performed by the participants. At the same time, the pattern of interactions between this prefrontal region and dorsal and ventral posterior neocortical regions changed in a similar way across the two retrieval tasks as did the pattern between the medial-temporal lobes and these posterior regions. These results are in line with those reported by McIntosh et al. (1997) who found a constant negative relationship between activity in a right prefrontal cortex region and a left MTL region across three different retrieval tasks in the presence of changing functional interactions between these regions and other parts of the brain. The observed negative relationship in McIntosh et al.'s and in our study may ref lect an instance of inhibitory gating, a mechanism that has previously been suggested to characterize functional interactions between prefrontal and posterior cortex related to perception and memory processing (Knight et al., 1989; Shimamura, 1995) .
Our results are consistent with the idea that the MTL and parts of dorsolateral prefrontal cortex are involved in memory processing across multiple domains of information (Moscovitch and Winocur, 1992; Nyberg et al., 1996a; Fletcher et al., 1997; Köhler et al., 1998b) . Moreover, they suggest that domainspecific retrieval from episodic memory is ref lected in distinct interactions between each of these regions and posterior neocortex rather than in qualitative differences in interactions between each other. While the present data underscore the significance of functional interactions between distant brain regions, they do not rule out that domain specificity may also be present on a local level. In particular, they are not incompatible with the suggestion that closely neighboring structures within dorsolateral prefrontal cortex, which were not examined separately in the present model, may make domain-specific contributions to memory processing (see discussion below; also Goldman-Rakic, 1987 Moscovitch and Umiltà, 1990, pp. 21-22) .
Methodological Limitations
A final comment regards the methodological limitations of the present approach. One limitation concerns conclusions about the direction of interactions examined in the present paper. In principle, structural equation modeling can be used to determine functional inf luences along feed-forward and feedbackward connections between ROIs together in the same model (McIntosh and Gonzalez-Lima, 1994) . However, in the context of the particular neuroanatomical model specified for the present analyses, mathematical constraints prevented us from computing and examining estimates for feed-forward and feed-backward inf luences simultaneously. When examined separately in two independent models, the model with feedforward connections and the model with feed-backward connections yielded nearly identical changes in patterns of interactions across conditions. When examined together in the same model with a consecutive two-step procedure, changes in functional interactions were found only for those connections that were examined first, irrespective of whether these were the feed-forward or the feed-backward connections.
Our results contrast with those obtained with previous structural equation models in PET studies of episodic memory and working memory, in which coefficients for feed-forward and feed-backward connections differed and did not depend on the order in which they were computed Nyberg et al., 1996b) . This difference between studies could ref lect a stronger symmetry between feed-forward and feedbackward inf luences in the present than in those previous models. However, we have taken a conservative approach and, based on these methodological considerations, interpreted the pattern of interactions generally without making reference to the reciprocality or direction of inf luences.
A second methodological limitation concerns the ROIs considered. To address the specific question that motivated our analyses and to keep the complexity of the model at an interpretable level, we examined interactions between seven distinct regions that were widely distributed across the cerebral cortex. Consequently, our analyses do not address interactions within more circumscribed regions, such as within prefrontal cortex, the MTL or fusiform gyrus. Neurophysiological evidence in non-human primates suggests that closely neighboring prefrontal cortex regions, which may not have been separated in the present PET data, show a domain-specific involvement in processing of spatial location and object identity (Wilson et al., 1993 ; for review, see Goldman-Rakic, 1996) . Similarly, there is evidence suggesting that the MTL is not a functionally homogeneous region and that different structures within this region perform distinct functions in memory processing (e.g. Eichenbaum et al., 1994; Murray, 1996; Gabrieli et al., 1997; Köhler et al., 1998a) . Future analyses of high-resolution functional imaging data will have to determine the patterns of interactions that can be observed when multiple structures within prefrontal cortex, the MTL and other cortical regions are examined. Given the functional heterogeneity on the local level just discribed, these analyses will likely yield a more complex picture of functional interactions related to episodic memory retrieval than the one presented here.
Conclusions
Our results demonstrate that exploring changes in interactions between MTL structures and other parts of the brain can provide insight into the neural underpinnings of memory that complement the findings from analyses that focus on these structures in isolation. Moreover, they illustrate how this approach can be used to reveal information about the differential involvement of a brain region in distinct memory tasks even when the level of activation of this region across these tasks does not differ, as was the case for the right MTL in the present study. Our findings provide support for the view that a complete understanding of the organization of memory in the primate brain requires the examination of functional interactions at the level of large-scale neural systems (Mesulam, 1990; .
Notes
